Abstract. The duration of phases of the cell cycle are measured in five species and one hybrid of the genus Crepis (Compositae), after pulse labeling with tritiated thymidine. The results indicate significant variations in the duration of post-synthetic interphase (G2), which affords a possible explanation for the abnormal chromosome morphology first described in Crepis hybrids as neutral amphiplasty.
Abstract. The duration of phases of the cell cycle are measured in five species and one hybrid of the genus Crepis (Compositae), after pulse labeling with tritiated thymidine. The results indicate significant variations in the duration of post-synthetic interphase (G2), which affords a possible explanation for the abnormal chromosome morphology first described in Crepis hybrids as neutral amphiplasty.
Part of the difficulty in elucidating the genetic regulatory mechanisms of eukaryotic organisms is that of choosing suitable characters that can be observed at the cellular level. One such genetic character is the abnormal chromosome morphology, described by Navashin' as neutral amphiplasty, in some interspecific hybrids of the genus Crepis (Compositae). Navashin's study of neutral amphiplasty was restricted to hybrids derived by crossing Crepis capillaris with four other species (neglecta, parviflora, aspera, and tectorum). In all four hybrids the C. capillaris chromosomes were longer and those of other species shorter at mitotic metaphase than is normal for the pure species. This change is apparently a chromosomal interaction, being invariant in reciprocal crosses and thus independent of any maternal effect. The chromosomes revert to their normal metaphase lengths in suitable backcrosses from the hybrids. ' We have confirmed Navashin's observations for several of these hybrids. There is no excessive heterochromatin in interphase nuclei nor any obvious difference in contraction of prophase chromosomes in the hybrids. We find that the excessively contracted metaphase chromosomes, however, closely resemble those held in metaphase by treatment with colchicine (see Fig. 2 ). This observation suggests that neutral amphiplasty represents a continuation of chromosomal contraction during a prolonged prophase if metaphase is delayed in the hybrid relative to only one of the parental species. We have tested this interpretation by observing root tips pulse-labeled with [3H]thymidine,2-5 to determine the duration of different phases of the cell cycle in the five species of Crepis considered by Navashin' and in one hybrid showing neutral amphiplasty.
Methods. The procedure followed for labeling seedlings and mature plants was essentially that of Van't Hof.4 All material was equilibrated in Hoagland's solution, at 230C in a water bath, under constant illumination for 24 hr before labeling and throughout the experiment. 1-cm long seedlings were suspended on plastic screens, which were floated on Hoagland's solution,5 2-month-old plants of C. capilaris, and hybrids of C. neglecta-C. capillaris, grown in sand were washed free of sand, and their roots immersed in VOL. 67, 1970 NEUTRAL AMPHIPLASTY 1895
Hoagland's solution (which was used throughout unless otherwise specified (5), and after (G2) the period of DNA synthesis.
[3H]thymidine is heavily incorporated only into those cells that are synthesizing DNA during the 15-min pulse.9 After the pulse, the first cells to enter mitosis are unlabeled, since they were in G2 at the time of the pulse and did not undergo DNA synthesis in the presence of labeled precursor. The next cells to enter into mitosis were in the S phase during the pulse and are labeled.
Finally, those (unlabeled) cells that were in the G, phase during the pulse enter mitosis.
Variation in the time of the cell cycle, due to the presence of subpopulations in the meristem, results in a loss in symmetry of the descending portion of the division curve (see Fig. 1 ). Such subpopulations also cause the second cycle of labeled division figures to be less synchronized than the first (see Fig. 1 ), resulting in a considerable scatter of the data from the mean (i.e., from a symmetrical curve). Estimates of the duration of the different phases of the cell cycle were derived as follows (refs. 3-5,9) : the 35% intercept between the two successive ascending portions of the division curve was used to estimate the total length of the cycle. T8, the length of the S-phase, was calculated as the time interval between the 50% intercept of the rising and descending portion of the division curve. T,2, the length of the G2 phase, was estimated as the time interval between the beginning of labeling (0 hr) and the half-peak height of the ascending portion of the curve minus one-half of Tm (see below). The duration of prophase, Tp, was taken to be the displacement of the prophase from the metaphase curve (see Fig. 4 ). The duration of mitosis, Tm, was derived from this value of Tp, multiplied by the mean ratio of all division figures to prophases.5 T,,, the length of the G1 phase, was calculated from the difference between the total length of the cycle and the time spent in all other phases.
Results and Discussion. The percentage of labeled chromosomes in after a pulse of [3H ]thymidine is shown in Fig. 1 for five species of Crepis and one hybrid. The lengths of the different phases, derived from the data in these graphs, are shown in Table 1 .
The decrease in slope of the descending portion of the first division curve, and the damping of the second mitotic cycle in each Crepis species and the hybrid (Fig. 1) , indicates that the population of dividing cells in the root meristem of Crepis is not completely asynchronous,10 and suggests the presence of subpopulations similar to those observed in the root tips of Viciafaba. 11 The results for C. capillaris seedlings (Fig. la) are quite similar to previous results of Van't Hof. 4 We obtained a slightly shorter cell cycle, 9.7 hr, compared to his estimate of 10.5 hr, a slightly longer S phase (3.6 instead of 3.25 hr), and a more accurate G2, owing to our more frequent sampling. Results from studies of the lateral roots of aneuploid C. capillaris differed mainly by their estimation of S as 6.3 hr. 12 Our results for other Crepis seedlings (Fig. 1, c-f ) bear a close resemblance to those for C. capillaris, except for C. tectorum which has a longer S phase and cell cycle than any other species tested (1f; Table 1 ). This result appears to bear out the correlation drawn by Van't Hof4 between the size of the genome (DNA content), length of the S phase, and length of the cell cycle. The chromosomes of the tectorum species are clearly larger than those of the other species (Fig. 2) ; the combined length of C. tectorum metaphase chromosomes is about 1.5-times the length of C. capillaris chromosomes.1 The length of the phases of the only hybrid tested, C. neglecta-C. capillaris (1,b) , are mainly intermediate between those of the parent species ( Table 1) . The hybrid prophase however, is as long as that of C. capillaris, and the total cell cycle is apparently slightly shorter than either parent species. Since the lengths of the phases of the hybrid were estimated from lateral roots of cuttings, we obtained initial control values from lateral roots of the C. capillaris species at the same age. These results were virtually identical to those from C. capillaris seedlings, showing that the G2 phase and the G2 + prophase(P) was longer than in the hybrid.
Hybrids of C. capillaris with each of the other four species tested show ab-' normally long C. capillaris chromosomes and an unusual shortening of-the other set at mitotic metaphase (ref. 1; see Figs. 2 and 3) . We assume that, some continuous period prior to metaphase in the hybrid is shorter than the correspondingphase(s) in C. capillaris, and longer than the same phases in each of the other species; the phases of the other species must, therefore, be shorter than those of C. capillaris. The duration of prophase perhaps meets this requirement for C. capillaris, C. neglecta, and their hybrid, but not for the other species (Table 1) .
The only phase to satisfy this criterion for all species studied is G2, or composite phases of G2 + P, or S + G2 + P (Table 2 ). Our explanation is thus consistent with the replication of both of chromosomes in a hybrid being synchronized at either the beginning or the end of S, after which replication proceeds independently until once more synchronized at metaphase. If the chromosomes in a hybrid cell each replicate independently after synchronization at the beginning of S, the shorter S phase of C. neglecta should result in only C. capillaris chromosomes being labeled in the earliest labeled metaphases. Such is not the case; we have not observed any definite instances where one set of parental chromosomes was labeled and the other set unlabeled (Fig. 3) Table 1 ), suggests that the overall rate of DNA synthesis of C. capillaris chromosomes is increased, while that of C. neglecta chromosomes is decreased. We interpret neutral amphiplasty as evidence of a third synchronization signal for the initiation of pre-prophase (G2) chromosome contraction; this contraction proceeds at a characteristic rate for each chromosome, and takes longer for C. capillaris than C. neglecta chromosomes. The changed duration of G2 + P in the hybrid results in metaphase 30 min before C. capillaris chromosomes normally encounter it, and imposes a 30-min delay on C. neglecta chromosomes ( Table 2) .
We suggest that this change is sufficient to account for the differential chromosome contraction found at metaphase in the hybrid. Further support for a third synchronization signal responsible for the initiation of G2 chromosome contraction in Crepis comes from the suggestion of a dose-dependent "mitotic inducer," whose functioning during G2 causes the extensive contraction of G,, S, and G2 chromosomes in heterophasic multinucleate HeLa cells. 19 Neutral amphiplasty is not unique to the species considered here. It has been recorded in other hybrids of Crepis,20 violets,2' willows,22'23 and mammalian somatic-cell hybrids. 24 The restriction of this phenomenon to interspecific hybrids, if justified, suggests that it is a consequence of evolutionary divergence.
We suggest that neutral amphiplasty is a manifestation of a regulatory system of the mitotic cycle whose timing has diverged in different species. Such an evolution of the rate of cell division is discussed by Stebbins2' as a climatic adaptation. Ephrussi and Weiss24 speculate on the signals which regulate the cell cycle in hybrid cells, emphasizing a coordinated initiation of DNA replication and mitosis. They relate the frequent loss of chromosomes from one parental set (e.g., human chromosomes from human-mouse hybrid cell lines26'17 to either species-specific signals, or different response rates to nonspecific signals. Our explanation of neutral amphiplasty does not exactly fit into either category. Yet we believe that chromosome losses could well represent an extreme manifestation of the synchrony seen in neutral amphiplasty. If chromosome contraction is an essential preparation for the separation of chromatids, an unexpectedly early anaphase could exclude ''lagging chromosomes" from both daughter nuclei. This form of asynchrony might lead to aneuploidy, which we have repeatedly observed (but not analyzed), in C. capillaris-C. rubra hybrids.
